We calculate the ultrasonic attenuation in magnetic fields for spin-triplet superconducting states with line nodes vertical or horizontal relative to the RuO 2 planes. For rotating in-plane field H(θ) the attenuation α(θ) exhibits variations of fourfold symmetry in the rotation angle θ. In the case of vertical nodes, the transverse T100 sound mode yields the weakest (linear) H and T dependence of α , while the longitudinal L100 mode yields a stronger (quadratic) H and T dependence. This is in strong contrast to the case of horizontal line nodes where α is the same for the T100 and L100 modes (apart from a shift of π/4 in field direction) and is roughly a quadratic function of H and T . Thus we conclude that measurements of α in in-plane magnetic fields for different in-plane sound modes may be an important tool for probing the nodal structure of the gap in Sr 2 RuO 4 .
A number of experiments give evidence that the superconducting state in layered Sr 2 RuO 4 [1] consists of spin-triplet Cooper pairs with broken time-reversal symmetry. More recent experiments at low temperatures have established power law T dependence of the specific heat (T 2 ) [2] , the spin-lattice relaxation rate (T 3 ) [3] , the electronic thermal conductivity [4, 5] , the penetration depth [6] , and the ultrasonic attenuation [7, 8] . These properties are most naturally explained in terms of a spin-triplet order parameter d(p) = ∆ẑ (p x +ip y )g(p)
where the even-parity function g(p) has vertical line nodes (e.g., p 2 x −p 2 y or p x p y ) or horizontal line nodes [e.g., cos(cp z +a 0 ) ] on the cylindrical Fermi surface [9] [10] [11] [12] . Since the measured anisotropy of the in-plane thermal conductivity κ[θ] for rotating in-plane magnetic field [4] is smaller than the calculated anisotropy for vertical nodes [11] , and since the anisotropy of the inter-plane κ[θ] is insignificant [5] , these authors have discarded vertical nodes and suggested instead horizontal nodes in the superconducting gap. Recently we have shown,
however, that the amplitudes of κ[θ] for vertical and horizontal line nodes are about the same [13] . The small size of the observed amplitude of κ[θ] is due to the result that the amplitude of the variation of κ[θ] decreases with increasing impurity scattering and temperature. An opposite conclusion has been drawn from the ultrasonic attenuation α in Sr 2 RuO 4 measured for different sound directionsq and polarizationsê in the ab plane: these results are found to be consistent with a vertical line node structure p
Since the question as to the nodal structure of the superconducting gap in Sr 2 RuO 4 is still unresolved, we suggest here measurements of the anisotropy of the ultrasound attenuation α(θ) for rotating in-plane magnetic fields. Indeed, ultrasonic attenuation is another powerful tool for probing the anisotropic gap structure because α(θ) is sensitive to the relative orientations of the sound direction and polarization,q andê, the field H(θ), and the nodal directions of the gap. We shall show that α(θ) exhibits fourfold symmetric variations in rotation angle θ of the magnetic field while the variations of κ[θ] have twofold symmetry.
It turns out that the field and temperature dependencies of α for vertical gap nodes are quite different for longitudinal and transverse sound modes while α for horizontal nodes is essentially the same for longitudinal and transverse sound modes. Thus observation of the field and temperature dependence of α for longitudinal and transverse sound modes should yield important information on the nodal structure of the gap in Sr 2 RuO 4 .
Our present theory for the ultrasonic attenuation α closely follows the method for calculating the thermal conductivity in magnetic fields near H c2 [13] . We start with the normal and anomalous Green's functions G and F which contain both the effects of supercurrent flow and scattering by the Abrikosov vortex lattice on the quasiparticle spectrum [14] . These
Green's functions are employed in the expressions for the correlation functions for longitudinal and transverse sound propagation in the hydrodynamic regime, ωτ ≪ 1, and long wavelength limit, qℓ ≪ 1 [15] . Integration over the energy variable yields, in analoy to the results for κ [13] , the following expression for the ratio of the ultrasound attenuation in the superconducting state, α s , to that in the normal state α n :
where
Here π 2 xx and π 2 xy are the weight factors for the L100 (T110) and T100 (L110) sound modes [7, 10] where L = longitudinal, T = transverse, andq [100] or [110] . We use the following notation: Γ is the normal-state impurity scattering rate, v is the in-plane Fermi velocity, θ = (H,â) is the direction of H in the ab plane, ∆ 2 is the spatial average of the absolute square of the order parameter for the Abrikosov vortex lattice, and |f (φ)| 2 is the normalized absolute square of the gap function. The quantity z 0 , and thus the pole ξ 0 of G, is given by the transcendental equation [14, 13] :
The dependencies of (∆Λ/v) 2 and (Λ/v) 2 on H/H c2 are presented in Ref. [13] . The expression for ultrasonic attenuation in Eq. (1) is similar to the expression for κ in Ref. [13] apart from the missing factor ω 2 , the weight factor π In Fig. 1 we show our results for α s /α n versus H/H c2 for the L100 (θ = 0) and T100 (θ = π/4) modes at T = 0 and impurity scattering rate Γ/∆ 0 = 0.1. ∆ 0 is the BCS gap parameter, and we will always use the value β A = 1.2 for the Abrikosov parameter. It is seen that α s /α n for the L100 mode exhibits a strong upward curvature near H c2 while it is a more linear function of H for the T100 mode. For increasing Γ/∆ 0 the upward curvatures decrease.
The solid curves for α s /α n in Fig. 1 are calculated by neglecting the vertex corrections in Eq. (1), while the dashed curves include the vertex corrections. One recognizes that the effect of the vertex corrections is rather small, and that the upward curvatures near H c2 are decreased somewhat. It is interesting that, for field direction angles θ = π/4 and θ = 0, the vertex corrections for the L100 and T100 modes, respectively, vanish. In the following calculations we shall neglect the vertex corrections.
In Fig. 2 We consider now the spin-triplet pairing state with horizontal line nodes [9, 12] where the squared gap amplitude is proportional to |f | 2 = cos 2 (c p z ) = cos 2 [χ] . Then, in addition to the φ integration in Eq. (1), one also has to do the integration over χ from −π to +π.
In Fig. 1 we have included our result for α s /α n versus H/H c2 for the mode L100 at T = 0 and Γ/∆ 0 = 0.1. A strong upward curvature occurs near H c2 which is similar to that of the L100 mode for vertical nodes, but is quite distinct from the almost linear dependence of α s /α n on H/H c2 for the T100 mode in the case of vertical nodes. In Fig. 2 we have plotted our results for the in-plane field variation α(θ) for the L100 and T100 modes. Note that the function α(θ) for T100 is obtained by shifting the function for L100 by θ = π/4 along the θ axis. This can be seen by a variable transformation φ ′ = φ − π/4 in Eqs. (1)- (3) making use of the fact that |f | 2 = cos 2 (χ) does not depend on φ. Comparison of the curves in Fig. 2 shows that the amplitudes of the variations α(θ) for vertical and horizontal nodes are about the same (here about 10%). However, there is a marked difference in the form of the variations for the L100 and T100 modes for vertical nodes because, for the T100 mode, the gap node manifests itself in the structure around π/4. In contrast to this, the form of the variations for horizontal nodes is the same apart from the shift by π/4 along the θ axis.
We turn now to the ω dependence of the φ integrals in Eq. (1) [13] . In Fig. 4 we show our results for α s /α n vs T /T c for vertical gap nodes at low and high field strength (∆Λ/v = 0.6 and 0.2, or H/H c2 = 0.28 and 0.78) and field directions θ = 0 and θ = π/4 for the L100 and T100 modes. One recognizes that, for low T , the attenuation of the L100 mode is approximately a quadratic function of T , while it is nearly linear for the T100 mode at θ = π/4. These different low T power laws for the L100 and T100 modes agree roughly with the results of Ref. [10] for zero field. It is interesting that the quadratic and linear T dependencies of α s /α n for the L100 and T100 modes correspond to the quadratic and linear dependencies of α s /α n on H/H c2 for these modes (see Fig. 1 ).
In Fig. 4 we also show α s /α n vs T /T c for the L100 mode for horizontal gap nodes and field directions θ = 0 and π/4 . We recall that the results for L100 for θ = 0 (π/4) are identical to those for T100 for θ = π/4 (0) . One sees that the dependence on T is nearly quadratic. The ultrasonic attenuation in Sr 2 RuO 4 in zero field has been measured for the four inplane modes L100, T110, T100, and L110 [7] . The attenuation follows a low temperature power law T 1.8 for the L100 (T110) mode and T 1.5 for the T100 mode. In Ref.
[8] a T 2 power law below T imp and a T 3 dependence above T imp has been measured for the T110 mode. Calculations based on the assumption of a circular cylindrical Fermi surface and vertical gap nodes [10] yield a linear T dependence of α s /α n for the T100 (L110) mode which disagrees with the measured T 1.5 power law and, for the L100 mode, a power law close to the measured one. The fact that the weakest T dependence occurs for the T100 mode is taken as an indication [7] that the gap nodes point in the [110] direction because this yields an excess of quasiparticles with wavevectors in this direction.
Our results for the ultrasound attenuation for vertical nodes in magnetic fields up to H c2 also yield the weakest (linear) H and T dependence for the T100 mode because the corresponding weight factor has a maximum in the direction of a vertical gap node. Our calculations yield a stronger (quadratic) H and T dependence for the L100 mode because the corresponding weight factor has a maximum in the direction of a vertical gap antinode. This is in strong contrast to the case of horizontal line nodes where we obtain a roughly quadratic H and T dependence for both the L100 and T100 modes, which are actually identical for in-plane field directions differing by π/4. Thus we conclude that measurements of ultrasonic attenuation for in-plane longitudinal and transverse modes in the presence of in-plane magnetic fields may be another tool for probing the vertical or horizontal nodal structure of the superconducting gap in Sr 2 RuO 4 .
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